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Immunoglobulin A (IgA) is generated in the gut by
both T cell-dependent and T cell-independent pro-
cesses. The sites and the mechanisms for T cell-in-
dependent IgA synthesis remain elusive. Here we
show that isolated lymphoid follicles (ILFs) were sites
where induction of activation-induced cytidine de-
aminase (AID) and IgA class switching of B cells
took place in the absence of T cells. We also show
that formation of ILFs was regulated by interactions
between lymphoid tissue-inducer cells expressing
the nuclear receptor RORgt (RORgt+LTi cells) and
stromal cells (SCs). Activation of SCs by RORgt+LTi
cells through lymphotoxin (LT)-b receptor (LTbR)
and simultaneously by bacteria through TLRs in-
duced recruitment of dendritic cells (DCs) and B cells
and formation of ILFs. These findings provide insight
into the crosstalk between bacteria, RORgt+LTi cells,
SCs, DCs, and B cells required for ILF formation and
establish a critical role of ILFs in T cell-independent
IgA synthesis in gut.
INTRODUCTION
Immunoglobulin A (IgA), the most abundant Ig isotype produced
in the gastrointestinal tract, provides protection against mucosal
pathogens (Brandtzaeg et al., 1999). In addition to targeting
pathogenic microorganisms and their toxins, IgA controls the
growth of commensal bacteria and prevents their adhesion to in-
testinal epithelial cells (IECs) (Fagarasan, 2006; Macpherson,
2006). Generation of IgA depends on bacterial stimulation and in-
duction of a special microenvironment, the germinal center (GC),
that allows interactions between B cells, T cells, and antigens
trapped on follicular dendritic cells (FDCs) and that facilitates B
cell proliferation, induction of activation-induced cytidine deam-
inase (AID), and subsequent class switch recombination (CSR)from IgM to IgA (Berek, 1992; Muramatsu et al., 2000). A large
number of IgA B cells are generated in a T cell-dependent man-
ner in the GCs of organized follicular structures called Peyer’s
patches (PPs) (Butcher et al., 1982; Casola et al., 2004; Cebra
and Shroff, 1994). From the PPs, IgA B cells migrate to the drain-
ing mesenteric lymph nodes (MLN), where they differentiate into
IgA-secreting cells, which then home to the intestinal lamina
propria (LP) under the influence of chemokines produced by
IECs and SCs (Cyster, 2003; McWilliams et al., 1977).
This well-characterized T-dependent pathway for IgA produc-
tion does not appear to be essential, however. Studies with ge-
netically manipulated mice that lack PPs revealed that IgAs are
produced in the absence of these structures, implying the exis-
tence of complementary pathways for IgA generation in gut
(Rennert et al., 1998; Yamamoto et al., 2000). One such pathway
for generation of gut IgAs may be provided by hundreds of soli-
tary follicles scattered throughout the intestine, called isolated
lymphoid follicles (ILFs) (Hamada et al., 2002). Unlike PPs, which
form during embryogenesis, ILFs develop only after colonization
of the intestine with bacteria (Hamada et al., 2002). They consist
of a cluster of B cells built on SCs, surrounded by a large number of
DCs, and few T cells interspersed between B cells. ILFs rep-
resent probably the most dynamic compartment in the gut, be-
cause the number, size, and cellular composition of ILFs are
highly variable, depending on the bacterial load in the intestine
(Fagarasan et al., 2002; Pabst et al., 2005). For example, hyper-
plasia of ILFs correlates with the expansion of anaerobic bacteria
in the small intestine of AID-deficient mice that cannot undergo
CSR and therefore lack IgA (Fagarasan et al., 2002). The hyper-
plasia of ILFs is abolished after reduction of bacterial load by an-
tibiotic treatment or after normalization of IgA titers in AID-defi-
cient gut after parabiosis with normal mice (Fagarasan et al.,
2002; Suzuki et al., 2004). Such a high developmental plasticity
strongly suggests that ILFs function as sensors of intestinal bac-
teria that may play an active role in the induction of local immune
responses.
Formation of ILFs, like that of PPs or lymph nodes (LNs), re-
quires lymphotoxin-a1b2 (LTa1b2)-LTbR interactions. Thus,
Lta/, Ltb/, Ltbr/, or alymphoplastic Map3K14aly/aly mice
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tion in the downstream molecule nuclear factor-inducing kinase
NIK) fail to develop ILFs. Tumor necrosis factor (TNF)-receptor I
(TNF-RI) function is also required, because TNF-RI-deficient
mice do not develop ILFs even though they form PPs (McDonald
et al., 2005). All these mutant mice, except for the TNF-RI-defi-
cient mice, lack IgA plasma cells in the gut. This indicates that
LTa1b2-LTbR signals are required to generate the microenviron-
ment necessary for IgA production (Kang et al., 2002; Newberry
et al., 2002; Suzuki et al., 2005).
Another genetic defect that leads to absence of peripheral
lymphoid tissues other than spleen, as well as all organized
structures in gut (PPs, cryptopatches [CPs], and ILFs), is the de-
ficiency of the retinoic acid-related orphan receptor RORgt
(Eberl and Littman, 2004). RORgt is a nuclear factor that together
with the inhibitory HLH transcription factor Id2 is required for
generation of embryonic LinCD4+IL7Ra+cells, called lymphoid
tissue-inducer (LTi) cells (Sun et al., 2000; Yokota et al., 1999).
These cells are essential for development of LNs and PPs, be-
cause they provide essential factors, among them LTa1b2, that
are necessary for activation of LTbR+ SC in LN and PP anlagen
(Honda et al., 2001; Yoshida et al., 1999). Recently, RORgt+ cells
witha phenotypesimilar to that of embryonic LTi cells (LinCD4+/
IL7Ra+) were also identified in the gut of adult mice. These cells,
which were provisionally called RORgt+LTi-like cells, were de-
tected mostly in CPs (small B cell-less clusters) and in the ILFs
of adult intestine (Eberl and Littman, 2004). Hence, it has been
suggested that RORgt+LTi-like cells might be involved in develop-
ment and maturation of CPs into ILFs (Ivanov et al., 2006).
It is clear from these observations that ILF formation requires
multiple cell types, including RORgt+LTi-like cells, LTbR, and
TNF-R-expressing SCs, as well as the presence of bacteria.
However, the exact function of each type of cell and the means
by which bacteria influence their interactions and activation,
leading to organization of ILFs, is not yet known. It is also not
known how the interactions between these components create
a microenvironment that favors induction of IgA, or whether the
T cell help is required for the IgA synthesis outside the PPs.
We show here that formation of ILFs in adult mice required the
presence of RORgt+LTi-like cells and their interaction with and
activation of SCs through LTbR. Signals from bacteria further
augmented RORgt+LTi-like cell-SC interactions and led to re-
cruitment of B cells, induction of AID, and subsequent genera-
tion of IgAs, independent of T cell help. Our data suggest that
TNF-a, secreted upon bacterial stimulation of both Mf-DCs
and RORgt+LTi cells, induces activation of latent TGF-b1 and
facilitates IgA class switching by B cells within ILFs.
Involvement of RORgt+LTi-like Cells in ILF Formation
and IgA Synthesis in Gut
We sought to evaluate directly the function of RORgt+LTi-like
cells for the induction of ILFs and generation of IgA in adult
mice. We performed experiments with RORgt-deficient mice
(Rorc(gt)gfp/gfp) that lack RORgt+LTi-like cells and have a selec-
tive IgA deficiency (Figure 1A; Figure S1A). Thus, lethally irradi-
ated adult Rorc(gt)gfp/gfp mice were reconstituted with BM cells
from Rag2/Rorc(gt)gfp/+ mice (as source of RORgt+LTi cells)
together with BM from Rorc(gt)gfp/gfp mice (as source of B cells).
We found that organized gut structures, like CPs (smaller clus-
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containing B220+ cells surrounded by RORgt+ cells and
CD11c+DC), could be induced in adult Rorc(gt)gfp/gfp mice
upon their reconstitution with RORgt+LTi-like cells from BM of
Rag2/Rorc(gt)gfp/+ mice (Figure 1B). The number, size, and
mean size distribution of the newly generated ILFs in
Rorc(gt)gfp/gfp mice reconstituted with RORgt+LTi-like cells
were similar to those found in WT mice (Figure S1D). Induction
of ILFs in Rorc(gt)gfp/gfp mice led to a substantial increase in
B220+IgA+ B cells as well as B220IgA+ plasma cells in the small
intestine. Indeed, 6 weeks after the transfer of Rorc(gt)gfp/gfp
mice with the BM from Rag2/Rorc(gt)gfp/+, the frequency of
IgA plasma cells in the LP was equivalent to that found after 5
or 6 months in nonmanipulated Rorc(gt)gfp/gfp mice (Figure 1A).
The total number of CD4+ T cells in LP of BM-reconstituted
Rorc(gt)gfp/gfp mice was substantially reduced compared to WT
mice and was equivalent to that found in nonmanipulated
Rorc(gt)gfp/gfp mice (Figure S1B). In spite of this T cell deficiency,
the serum and gut IgAs in BM-reconstituted Rorc(gt)gfp/gfp mice
increased and almost reached the titers found in WT mice
(Figure S1C).
Many B cells within the newly formed ILFs expressed AID as
well as surface IgA, indicating in situ activation, CSR, and gener-
ation of IgA (Figure 1C). A considerable reconstitution of the IgA
plasma cell compartment in Rorc(gt)gfp/gfp mice was observed
also after injection of neonatal spleen cells (containing
RORgt+LTi cells) or sorted adult LinRORgt+LTi-like cells but
not Lin+RORgt+ Th17 cells, into newborn Rorc(gt)gfp/gfp mice
(Figures S2A and S2B).
As expected, there were no CP and ILF structures in the gut of
mice reconstituted only with BM from Rorc(gt)gfp/gfp mice
(Figure 1B, top). The few IgA plasma cells detected in the gut
of these mice were most likely generated in situ from the acti-
vated B cells expressing AID that were detected in the LP
(Figure 1B). This follicular-independent, direct CSR in the LP
likely accounts for the formation of almost normal size population
of B220IgA+ plasma cells in 20-week-old Rorc(gt)gfp/gfp mice
(Figure 1A).
Thus, in the absence of PPs, IgA plasma cells are generated in
situ in the ILFs as well as in the LP. The formation of CPs and
ILFs, upon recruitment of B cells to CPs, depends on RORgt
function in LinRORgt+LTi-like cells but not in T cells. Because
of their capacity to induce formation of CPs and ILFs, adult
LinRORgt+LTi-like cells will hereafter be referred to as
RORgt+LTi cells.
ILFs Are Sites for T Cell-Independent Generation of IgA
We next sought to investigate the mechanism for IgA generation
within the ILFs. For this, we analyzed T cell-deficient mice (T cell
receptor-Tcrb/Tcrd/). Consistent with a previous report
(Macpherson et al., 2000), we found that Tcrb/Tcrd/ mice
have a considerable number of IgA plasma cells in the LP of
the small intestine (Figure S3). It was proposed that these IgAs
are generated through a pathway that does not require the pres-
ence of organized follicular structures like PPs in the gut. Indeed,
although Tcrb/Tcrd/ mice have apparently normal PPs, with
a regular number of B cells that aggregated into follicles, they
failed to generate IgA+ B cells within these follicles (Figure 2;
Figure S3A). This was due to defective GC formation and
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Mice with RORgt+LTi Cells Induces Forma-
tion of CPs and ILFs and Enhances Genera-
tion of IgA in the Gut
(A) Representative FACS profiles of cells isolated
from the small intestine of mice as indicated above
plots, and stained for lineage markers (CD3,
CD11c, Gr-1, B220, CD19, IgA) (top) and for
B220 and IgA (bottom). Numbers represent per-
centage of cells present in indicated lymphocyte
gates. Data are representative of four independent
experiments. The indicated ages refer to both up-
per and lower FACS profiles. F, no BM transfer.
For transfer experiments, 2-month-old
Rorc(gt)gfp/gfp mice were irradiated, injected with
BM as indicated, and analyzed 6 weeks later.
The expression of IL7Ra, ckit, and CD4 in gated
LinGFP+ cells from the small intestine of
Rorc(gt)gfp/gfp mice reconstituted with BM from
Rag2/Rorc(gt)gfp/+ mice together with BM from
Rorc(gt)gfp/gfp mice (red lines) was similar to that
of LinRORgt+LTi-like cells from control
Rorc(gt)gfp/+ mice (black lines). Gray histograms,
isotype control antibodies.
(B) Sections from the small intestine of irradiated
Rorc(gt)gfp/gfp mice, at 6 weeks after reconstitution
with BM from Rorc(gt)gfp/gfp mice without (top)
or with BM from Rag2/ mice and BM from
Rorc(gt)gfp/gfp mice (bottom), were stained as indi-
cated by color of lettering above sections. Note
the presence of AID-expressing cells close to ep-
ithelium and IgA plasma cells within the intestinal
villi of Rorc(gt)gfp/gfp mice reconstituted with BM
from Rorc(gt)gfp/gfp mice.
(C) Serial sections of a typical ILF in Rorc(gt)gfp/gfp
mice after reconstitution with RORgt+ LTi-like cells
(top) and in control, 2-month-old WT mice (bot-
tom).impaired activation of B cells with no AID expression in the PP
follicles in the absence of T cells (Figure 2; Figure S3A).
In sharp contrast to PP follicles, we found that ILFs in Tcrb/
Tcrd/ mice harbor many IgA+ B cells or IgA plasmablasts,
which were most likely generated in situ upon B cell activation
and induction of AID (Figure 2). Remarkably, many AID-express-
ing cells within these ILFs were in the vicinity or in close contact
with DCs. Furthermore, the size of ILFs in Tcrb/Tcrd/ mice
was clearly greater than in WT mice (Figures 1C [bottom] and
2), with more B cells accumulating within these structures. Con-
sistent with histological examinations, we found that the number
of B220+IgM+ cells and B220+IgA+ cells in the LP of Tcrb/
Tcrd/ mice increased by a factor of 3 and 2 respectively, com-
pared with those in WT mice (Figure S3B).
Together, these data indicate that IgA generation in ILFs is de-
pendent on RORgt+LTi cells but does not require T cell help.
They further suggest that the mechanisms for generation of IgA
in ILFs differ from those in PPs and are T cell and GC indepen-
dent. Thus, the interaction between RORgt+LTi cells, DCs, and
SCs is sufficient for generation of IgAs within the ILFs in vivo.ILF Formation Requires Interaction between
RORgt+LTi Cells and SCs
Previous studies in Lta/, Ltbr/, and Map3K14aly/aly mice
have shown that LTbR/NIK signaling in adult gut SCs is required
for recruitment of B cells and generation of IgA plasma cells in
the small intestine (Kang et al., 2002; Suzuki et al., 2005). Thus,
we sought to determine whether the recruitment of B cells to
the CPs for the formation of ILFs depends exclusively on the
presence of RORgt+LTi cells or requires interactions between
RORgt+LTi cells and SCs.
We found that Map3K14aly/aly gut was devoid of B cells and
IgAs in spite of the presence of a large number of RORgt+LTi
cells, as clearly shown in Map3K14aly/aly Rorc(gt)gfp/+ mice
(Figure S4A). Furthermore, the phenotype of RORgt+LTi cells in
Map3K14aly/aly mice was very similar to that observed in Map3-
K14aly/+Rorc(gt)gfp/+ mice (Figure S4B). However, histological
features of the small intestine of Map3K14aly/aly mice revealed
several striking differences from those of WT or Map3K14aly/+
mice (Figure 3). First, although RORgt+LTi cells formed clusters
in Map3K14aly/aly mice, these were not as compact as those in
Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc. 263
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rounded the RORgt+IL7Ra+ follicles in normal mice were ex-
tremely few or absent in clusters of Map3K14aly/aly mice. Third,
the number of B cells in the Map3K14aly/aly clusters was very
much reduced. Fourth, IgA+ B cells within the RORgt+IL7Ra+
follicles and IgA plasma cells were completely absent in
Map3K14aly/aly mice. Consistent with an essential role of LTbR-
dependent signaling for the expression of adhesion molecules
and chemokines in SCs (Dejardin etal., 2002),we found that vascu-
lar cell adhesionmolecule1 (VCAM-1),mucosalvascular addressin
cell adhesion molecule 1 (MadCAM-1), and chemoattractants
CCL19 and CXCL13 were extremely reduced or absent in RORg
t+IL7Ra+ clusters of Map3K14aly/aly mice (Figure 3; Figure S4C).
These results indicate that ILF formation requires not only
RORgt+LTi cells but also NIK-sufficient SCs. They further sug-
gest that recruitment of not only B cells but also DCs to the
CPs to form ILFs is dependent on RORgt+LTi cell interaction
with LTbR+ SCs.
RORgt+LTi Cells in Adult Gut Express Ligands for LTbR
We next evaluated the expression of several TNF-TNF-R family
molecules on adult RORgt+LTi cells and SCs isolated from the
small intestine of adult mice (Figure 4). We chose to compare
adult RORgt+LTi cells with embryonic RORgt+LTi cells because
of the recognized role of the latter for activation of LTbR+ SCs in
the PP or LN anlagen (Yoshida et al., 1999).
The expression of LTa was reduced in adult RORgt+LTi cells
compared with embryonic LTi cells. By contrast, the expression
Figure 2. ILFs Are Sites for T Cell-Indepen-
dent Generation of IgA
Horizontal sections of PPs (A) and ILF (B), from
2-month-old WT and Tcrb/Tcrd/ mice, were
stained as indicated color of lettering above sec-
tions. Original magnification: PP, 310; ILF, 320.
Note the hypertrophy and the abundant expres-
sion of AID and IgA in ILF of Tcrb/Tcrd/
mice compared with WT mice; and the abundant
AID expression in PP’s follicles of WT mice and
its absence in PP’s follicles of Tcrb/Tcrd/
mice.
of LTb, LIGHT, and TNF-a increased in
adult RORgt+LTi cells. Interestingly,
RANKL (TRANCE), which is involved in
colonization and cluster formation of em-
bryonic LTi cells in LN anlagen, was also
upregulated in adult RORgt+LTi cells
(Kim et al., 2000). The high expression
of LIGHT and RANKL appeared to distin-
guish adult RORgt+LTi cells from embry-
onic LTi cells as well as from all other
cell populations in the gut of adult mice.
LTbR and RANK (TRANCE-R) were most
abundantly expressed by gut SCs and
Mf-DCs but not by adult RORgt+LTi
cells. Among the TNF-R family members,
TNF-RI was highly expressed by adult
RORgt+LTi cells.
Thus adult RORgt+LTi cells express ligands that could induce
activation of SCs through TNF-R and LTbR.
Activation of SCs by RORgt+LTi Cells Is
Augmented by LPS
To directly prove that RORgt+LTi cells are capable of activating
SCs, we set up an in vitro system in which sorted RORgt+LTi cells
were cultured with LTbR+TLR2+ TLR4-MD2+ gut SCs (Figure 5A).
Because in vivo the interaction between RORgt+LTi cells and
SCs induces ILF formation only after bacterial colonization, we
tested the effect of LPS as substitute for the gut bacteria in these
in vitro cocultures. We assessed the SC response by real-time
RT-PCR (Figure 5B).
We found that stimulation of SCs with RORgt+LTi cells sub-
stantially increased the expression of MadCAM-1 and CCL20
(MIP3a), two key molecules for the migration of B cells to gut, es-
pecially to organized structures like ILFs (Kang et al., 2002;
McDonald et al., 2007). The B cell-activating factor (BAFF), in-
volved in proliferation of B cells and survival of plasma cells,
was also upregulated upon coculture of SCs with RORgt+LTi
cells (Woodland et al., 2006). No changes were observed for
the BAFF homolog, a proliferation-inducing ligand (APRIL). A
considerable increase was observed for CCL19 (ELC), a chemo-
kine that, together with CCL20, is probably involved in the re-
cruitment and maturation of DCs to gut (Iwasaki and Kelsall,
2000; Marsland et al., 2005). Remarkably, the expression of
MadCAM-1 and CCL19 was enhanced after addition of LPS to
RORgt+LTi cell-SC cocultures (Figure 5B). CXCL13 expression
264 Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc.
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Horizontal sections of the small intestine from (A) Map3K14aly/+ mice and (B) Map3K14aly/aly mice were stained as indicated by color lettering within each panel.
Sections are representative of at least three independent experiments.was minimally induced after LPS stimulation of RORgt+LTi-SC
cocultures, whereas CCL20 and BAFF expression was en-
hanced considerably by stimulation of SCs with LPS alone.
Similar changes, although much augmented, were observed
after stimulation of SCs with an agonistic LTbR-specific mono-
clonal antibody. No effects were seen after coculture of SCs
with other lymphocytes, such as Lin+RORgt+Th17 cells (data
not shown; Figure 5B). Confirming in vivo results as well as pre-
vious results with embryonic fibroblasts, we found that gut SCs
isolated from Map3K14aly/aly mice did not respond to LTbR or
combined LTbR and TLRs stimulation (Figure 5B; Dejardin
et al., 2002).
These data demonstrate that adult RORgt+LTi cells interact
with and activate gut SCs and that this activation is enhanced
by the presence of bacterial products (Figure S6A).
Role of RORgt+LTi Cells for IgA Switching
Because reconstitution of Rorc(gt)gfp/gfp mice with adult
RORgt+LTi cells led to a substantial recovery of intestinal IgA,
we next addressed the role of these cells in IgA class switching.We tested whether adult RORgt+LTi cells can directly help CSR
to IgA. Thus, IgA-depleted spleen cells stimulated with LPS were
cultured with or without adult RORgt+LTi cells. The generation of
IgA B cells was evaluated 5 days later. As shown in Figure 6A,
neither LPS alone nor the combined stimulation with LPS and
RORgt+LTi cells could induce switching of B cells from IgM to
IgA. By contrast, both B220+IgA+ B cells and B220IgA+ plasma
cells were generated when LPS-stimulated spleen cells were
cultured in conditioned media (CM) from gut SC cultures
(Figure 6B). Interestingly, CM from RORgt+LTi-SCs cocultures
supported more efficient generation of IgAs compared with
CM from nonstimulated SCs, at cellular and molecular bases
(Figures 6B and 6C; Figures S5A and S5B). We next tested the
effect of gut Mf-DCs on IgA class switching, because these cells
closely associated with RORgt+LTi cells within the ILFs. We
found that CM from cocultures of gut Mf-DCs with SCs signifi-
cantly enhanced generation of B220+IgA+ B cells and
B220IgA+ plasma cells (Figures 6B and 6C; Figures S5A and
S5B). The IgA switching induced in the presence of CM from
SC cocultures with RORgt+LTi or Mf-DCs depended mostly
Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc. 265
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inhibited the efficiency of IgA switching and the amounts of IgA
secreted (Figures 6B and 6C). However, we found no differences
in total TGF-b1 among CM from nonstimulated, RORgt+LTi, and
Mf-DC-stimulated SCs (Figure 6D). Thus, the active form of
TGF-b1, but not the total amount, might be increased.
Gut Mf-DCs abundantly expressed transcripts for TNF-a,
a proinflammatory cytokine that was also upregulated in
RORgt+LTi cells after birth (Figure 4). TNF-a is one of the stron-
gest physiological inducers of matrix metalloproteinases
(MMPs), and several MMPs, like MMP2, MMP9, and MMP13,
were proposed to activate latent TGF-b (D’Angelo et al., 2001;
Heidinger et al., 2006; Yu and Stamenkovic, 2000). Ex vivo, tran-
scripts for the genes encoding MMP9 and MMP13 were found
almost exclusively expressed by the gut Mf-DCs, whereas
MMP2 was expressed abundantly by the gut SCs (Figure 6E).
Furthermore, in vitro, stimulation of gut SCs with TNF-a or cocul-
ture with RORgt+LTi cells induced expression of MMP9 and
Figure 4. RORgt+LTi Cells Present in the Adult Gut Express LTbR
Ligands
Real-time RT-PCRs were performed on total RNA isolated from LinGFP+ cells
from the small intestine of 17.5 dpc embryos (E LTi) and 2-month-old
Rorc(gt)gfp/+ mice. The expression of the indicated molecules was normalized
to GAPDH expression. E LTi expression was set as 1. Mean ± standard devi-
ation of three experiments. *p < 0.05; **p < 0.005, Student’s t test.
266 Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc.MMP13 (Figure S5C). Based on these observations, we suggest
that MMPs induced in the presence of TNF-a may activate TGF-
b1 and thus facilitate IgA production in gut. In support of this
idea, we found that CM from TNF-a-stimulated SCs supported
with very high-efficiency IgA class switching and generation of
IgA plasma cells, both of which were considerably inhibited by
addition of TGF-b-blocking antibodies (Figures 6B and 6C). By
contrast, stimulation of splenocytes with TNF-a and LPS was
not sufficient to induce class switching to IgA (Figure 6A).
We next evaluated the contribution of BAFF and APRIL to IgA
production, because gut Mf-DCs and SCs expressed tran-
scripts for these factors (Figure 6E). Addition of soluble TACI-Ig
and BCMA-Ig partially inhibited the IgA secretion in B cell cul-
tures with CM from SC stimulated with Mf-DCs, RORgt+LTi
cells, or TNF-a (Figure 6C). However, we found that APRIL or
BAFF alone were not sufficient to generate B220+IgA+ B cells
or B220IgA+ plasma cells in LPS-stimulated mouse spleen
cell cultures (Figure 6F). These two cytokines considerably en-
hanced IgA switching and differentiation to plasma cells only in
the presence of TGF-b1 (Figure 6F).
Together, these results indicate that TNF-a produced upon
bacterial stimulation by RORgt+LTi cells and by gut Mf-DCs en-
hances IgA production through a pathway dependent on TGF-b1
(Figure S6B). BAFF and APRIL further enhance TGF-b1-depen-
dent IgA production.
DISCUSSION
It is generally accepted that efficient IgA synthesis in the gut re-
quires the presence of follicular structures, like PPs or ILFs,
although the contribution and the mode of IgA generation in
each of these organized structures remain largely unknown
(Macpherson, 2006). Furthermore, it is usually assumed that
the IgA responses generated within the organized follicles re-
quire the help of T cells, whereas IgAs produced outside the
follicular structures are T cell independent (He et al., 2007;
Hornquist et al., 1995; Macpherson et al., 2000).
In this manuscript, we have elucidated the central role of
RORgt+LTi cells for the formation of ILFs and T cell-independent
IgA synthesis in gut. Dissection of the receptor-ligand interac-
tions, cytokines, chemokines, and other molecules involved in
crosstalk between RORgt+LTi cells, SCs, DCs, and B cells has
revealed a unique environment that has evolved for generation
of IgA in the gut in response to bacterial stimulation.
We have shown that ILFs represent a unique compartment
that contributes significantly to IgA synthesis in gut. Indeed,
the frequency of IgA plasma cells increased considerably upon
reconstitution ofRorc(gt)gfp/gfp mice with RORgt+LTi cells, in par-
allel with the de novo formation of ILFs. Thus, one function of
RORgt+LTi cells in the gut is to induce the formation of ILFs
and thus to provide efficient generation of IgA in response to
bacterial stimuli, independent of PPs.
We have demonstrated that the mechanisms for IgA genera-
tion within the ILFs are different from those in PPs. We found
that, unlike the T cell-dependent processes in the follicles of
PPs, B cell activation, induction of AID, and generation of precur-
sors for IgA plasma cells within ILFs do not require the help of T
cells. We do not exclude a role of T cells within the ILFs, but we
want to emphasize that the generation of IgA within the ILFs does
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T Cell-Independent Generation of IgA in the GutFigure 5. Activation of SC Induced by RORgt+LTi Cells Is Augmented by LPS
(A) In vitro cultured gut SCs were subjected to FACS analyses for expression of LTbR and TLR2 and TLR4-MD2 complex. Shaded histograms, isotype control
antibodies. For comparison, expression of TLR2 and TLR4-MD2 in Lin+ cells from PPs are shown in inset histograms.
(B) Real-time RT-PCR was performed on RNA isolated from gut SCs cultured for 4 days with or without RORgt+LTi cells, in the presence or absence of LPS. The
expression of each gene was normalized to GAPDH expression. SCs stimulated with an agonistic LTbR-specific mAb and an isotype control Ab served as positive
and negative control, respectively. Black or white bars, SCs isolated from WT mice; gray bars, gut SCs from Map3K14aly/aly mice. Mean ± standard deviation of at
least three experiments. *p < 0.05; ***p < 0.0001, Student’s t test.not rely on T cell help. The ILF DCs appear to be sufficient for ac-
tivation of B cells. There are more DCs relative to B cells in ILFs
than in follicles of PPs, and many AID-expressing B cells are
located in close vicinity to DCs. Furthermore, unlike spleen
Mf-DCs, the Mf-DCs from gut express abundant TNF-a after
activation with bacteria, and TNF-a-iNOS-producing Mf-DCs
were recently found to be required for IgA production in gut (Te-
zuka et al., 2007). Also, gut but not spleen Mf-DCs or any other
cell populations from the spleen or gut express high levels of
MMP9 and MMP13, two MMPs that were shown to mediate ac-
tivation of TGF-b. It is worth considering that gut Mf-DCs, rather
than functioning through iNOS-NO, enhance the production of
IgA through their expression of TNF-a and MMPs, which together
with integrin avb8 would mediate conversion of TGF-b1 from in-
active to active form (Travis et al., 2007). Indeed, we found that
CM from gut SCs supported with high efficiency TGF-b1-depen-
dent CSR to IgA when cocultured with gut Mf-DCs. RORgt+LTi
cells, through their production of TNF-a and induction of MMP
expression in SCs, also participate in the activation of TGF-b1.Two additional factors, BAFF and APRIL, were previously
shown to enhance CSR to IgA independent of T cell help (Litin-
skiy et al., 2002; Tezuka et al., 2007). We found that gut Mf-
DCs and gut SCs contribute to IgA generation not only through
secretion and activation of TGF-b1 but also through their pro-
duction of BAFF and APRIL. Although APRIL was reported to en-
hance class switching to IgA in the absence of TGF-b1 (Castigli
et al., 2005; Tezuka et al., 2007), we found that the addition of
APRIL or BAFF to the LPS-stimulated mouse spleen cell cultures
was not sufficient to generate IgA B cells or IgA plasma cells.
These two cytokines enhanced IgA switching only in the pres-
ence of TGF-b1, consistent with a critical role of TGF-b1 for pro-
duction of IgA (Cazac and Roes, 2000).
We demonstrated that ILF formation requires interactions be-
tween RORgt+LTi cells and SCs. LTa1b2-LTbR interaction was
known to be essential for recruitment of B cells and development
of an environment necessary for IgA (Kang et al., 2002; Suzuki
et al., 2005). However, the cells providing the ligands for LTbR
in adult mice remained unidentified, although they were
Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc. 267
Immunity
T Cell-Independent Generation of IgA in the GutFigure 6. RORgt+LTi Cells and Gut Mf-DCs Support Class Switching and Differentiation to IgA Plasma Cells through SCs
(A and B) IgA-depleted spleen cells were cultured for 5 days without (A) and with (B) conditioned media of 4-day culture supernatant of SCs, in the presence of
stimulants and antibodies indicated. The GFP+RORgt+LTi cells in (A) appear as IgA intermediate B220 population (FITC-IgA; APC-B220).
(C) Total amount of IgA in 5-day cultures of IgA-depleted spleen cells in conditioned media (1), conditioned media with TGF-b antibodies (2) or control antibodies
(3), and conditioned media with TACI-Ig and BCMA-Ig (4).
(D) Total amount of TGF-b1 in culture supernatants shown in (B), as determined by ELISA.
(E) Real-time RT-PCR analyses of the indicated MMPs, BAFF, and APRIL, expressed as relative amounts of mRNA normalized to GAPDH. Mean ± standard
deviation of three independent experiments.
(F) IgA-depleted spleen cells were cultured for 5 days in the presence of LPS and APRIL and BAFF, without or with IL5 and TGF-b1. Percentages of B220+IgA+
B cells and B220IgA+ plasma cells are shown in (A) and (F).proposed to originate in the BM (Taylor et al., 2004). We have
shown that adult BM-derived RORgt+LTi cells express LTa1b2
and LIGHT and represent a critical source for the activation of
SCs through LTbR in vivo. Yet, the LT-LTbR interaction between
RORgt+LTi cells and SCs is insufficient to drive the development
of CPs into ILFs in the absence of bacterial stimulation. By using
an in vitro system, we demonstrated that stimulation of SCs
through TLRs considerably augments the activation induced
upon their interaction with RORgt+LTi cells through LTbR. We
propose that only simultaneous signals from bacteria and
RORgt+LTi cells induce activation of SCs that is sufficient for re-
cruitment of DCs and B cells to CPs for the formation of ILFs.
There might be at least two additional mediators of communi-
cation between RORgt+LTi cells and SCs. Adult RORgt+LTi cells
are likely interacting with SCs also through TNF-a-LTa-TNF-RI.
However, this axis might be relevant not for the initial activation
of SCs, but rather in later stages that involve recruitment of more
268 Immunity 29, 261–271, August 15, 2008 ª2008 Elsevier Inc.B cells and activation and full maturation of ILFs (McDonald
et al., 2005). RORgt+LTi cells in the gut of adult mice also express
RANKL (TRANCE), whereas its ligand RANK (TRANCE-R) is most
abundantly expressed by the gut SCs and Mf-DCs. RANKL was
shown to play an important role not only for LN formation,
through migration and clustering of LTi cells to the LN anlagen,
but, surprisingly, also for survival of B and T cell progenitors as
well as survival of DCs (Kim et al., 2000; Kong et al., 1999;
Wong et al., 1997). It is thus possible that RANKL may work as
a survival factor for RORgt+LTi cells in adult mice. This notion
will need to be explored in future studies.
We found that RORgt+LTi cells are generated and maintained
in the gut regardless of the presence or absence of commensal
bacteria (data not shown). CD4+CD3IL7Ra+ckit+ cells, referred
to as CD4+CD3 inducer cells, were also reported in the spleen
and thymus of adult mice (Kim et al., 2003; Rossi et al., 2007).
They were shown to function as accessory cells implicated in
Immunity
T Cell-Independent Generation of IgA in the Gutmaintenance of T cell memory (spleen) or in the development of
AIRE-expressing thymic epithelial cells involved in self-tolerance
(thymus). Thus, cells that resemble embryonic LTi cells persist
after birth in thymus, spleen, and gut (Eberl and Littman, 2004;
Kim et al., 2003; Rossi et al., 2007). We suggest that each pop-
ulation of inducer cells has adapted its function to the local envi-
ronment, with gut RORgt+LTi cells actively involved in remodel-
ing of the structure and cellular composition in response to
bacterial changes in the gut lumen.
Thus, formation of ILFs would be the result of a cascade of
events triggered by sensing of intestinal bacteria by the innate
cells such as Mf-DCs. The Mf-DCs would augment the basal in-
teractions between RORgt+LTi cells and SCs, leading to activa-
tion of SCs, and production of adhesion molecules and chemo-
kines and cytokines required for recruitment of B cells to gut.
Within the ILFs, B cells that are activated either directly by LPS
or after antigen presentation by TNF-a-expressing Mf-DCs
would undergo preferential class switching to IgA, under the in-
fluence of TGF-b1, BAFF, and APRIL, then undergo differentia-
tion to IgA plasma cells in the LP.
The dynamic aspect of ILF induction in response to bacterial
changes in the intestinal lumen strongly suggests that this T
cell-independent pathway for IgA generation might be critical
for blocking stimulation of the mucosal immune system by bac-
teria. Indeed, recent studies demonstrated that B. thetaiotaomi-
cron, a common human commensal, elicits less proinflammatory
signals in the presence of specific gut IgA for capsular polysac-
charide CSP4 (Peterson et al., 2007). Furthermore, the specific
anti-CSP4 IgA response induced expression of another capsular
locus by bacteria. Thus, it is interesting to speculate that the pol-
yspecific IgAs, generated in a T cell-independent manner, may
be critical to prevent bacterial access to the gut epithelium to
avoid inflammation, whereas the highly specific IgAs generated
in the GCs with the help of T cells may be important for the
fine-tuning of host-bacterial relationships (i.e., for facilitating
diversification of bacterial strains with noninflammatory proper-
ties).
EXPERIMENTAL PROCEDURES
Mice
Rorc(gt)gfp/+ mice and Tcrb/Tcrd/ mice have been described previously
(Eberl et al., 2004; Macpherson et al., 2000). Map3K14aly/aly and Map3K14aly/+
mice were purchased from CLEA Japan, Inc. All animal experiments were
performed in specific pathogen-free conditions (SPF) in accordance with
approved protocols from the Institutional Animal Care at RIKEN.
Bone Marrow Transplantation into RORgt-Deficient Mice
4 3 107 BM cells from Rag2/Rorc(gt)gfp/+ or Rag2/ mice were mixed with
13 107 BM cells from RORgt-deficient mice (Rorc(gt)gfp/gfp) and injected intra-
venously into 10 Gy irradiated Rorc(gt)gfp/gfp mice. After transplantation, mice
were given 500 mg/liter ampicillin (Sigma) and 1 g/liter neomycin (Sigma) in
drinking water for 2 weeks.
Antibodies
The following mAbs were purchased from BD Bioscience: PE-conjugated anti-
CD4 (RM4-5), APC-conjugated anti-B220 (RA3-6B2), FITC-conjugated anti-
CD45.2 (104), biotin-conjugated anti-CD11c (HL3), anti-CD3e (500A2), uncon-
jugated anti-VCAM-1 (429), and anti-MadCAM-1 (MECA-367). The following
mAbs were purchased from eBiosciences: PE-conjugated anti-CD4 (RM4-5),
anti-IL-7Ra (A7R34), anti-CD11c (N418), anti-ICAM-1 (YN1/1.7.4), anti-TLR2
(6C2), anti-TLR4-MD2 (MTS510), biotin-conjugated anti-VCAM-1 (429), anti-CD11b (M1/70), anti-Gr-1 (RB6-8C5), and anti-B220 (RA3-6B2). FITC-anti-
IgA, PE-anti-IgM, anti-IgA, and biotin-conjugated anti-IgA antibodies were
from SouthernBiotech. Goat anti-CCL19 and anti-CXCL13 were from R&D
Systems. Goat anti-LTbR was from GT. APC-SA was from eBiosciences.
PE-streptavidin was from Molecular Probes. The hamster anti-RORgt has
been previously described (Eberl et al., 2004). MAID-2 monoclonal antibody
was generated by immunizing rat with a synthetic peptide corresponding to
carboxy-terminal 14 residues of mouse AID, conjugated with keyhole limped
hemocyanin. Obtained BM cells were fused with P3U1 mouse myeloma cells.
Purified antibody was prepared by eBioscience.
Flow Cytometry
All FACS analyses were performed on FACSCalibur and data were analyzed
with CellQuest software (BD Biosciences).
Immunohistochemical Analysis
Small intestine was longitudinally opened along the mesenteric wall and then
fixed at 4C in a fresh solution of 4% paraformaldehyde (Wako). The samples
were then washed in PBS, incubated overnight at 4C in a solution of 30% su-
crose, and embedded in OCT compound (Sakura Finetechnical). The tissue
segments were sectioned with a cryostat at 8 mm and stained as described
(Iwasaki and Kelsall, 2000). The stained slides were examined with a Zeiss
Axioplan 2 fluorescence microscope. Automated image analyses were
performed with ImageJ as previously described (Pabst et al., 2006).
RT-PCR
Total RNA was isolated from cells via the RNeasy mini-kit (QIAGEN). After
DNase I treatment (DNA-free; Ambion), random hexamers were used for first-
strand cDNA synthesis. All procedures were performed according to the man-
ufacturer’s instructions (Invitrogen). AID, a germline transcripts (aGT), Im-Ca,
and a circle transcripts (aCT) were amplified with primers and conditions de-
scribed (Fagarasan et al., 2001). Quantitative PCR was performed on an iCy-
cler thermal cycler with SYBR Green Supermix according to instructions and
analyzed by software (Bio-Rad Laboratories). All primers were determined
by BEACON DESIGNER software (Premier Biosoft International). All reactions
were performed in duplicate. The relative amounts of mRNAs were calculated
by using the standard curve method and normalized by invariant control
GAPDH.
ELISA
IgA titers in the sera and fecal extracts were determined with the SBA Clono-
typing System-HRP (Southern Biotech.) and a mouse immunoglobulin panel
from the same company. Total amount of TGF-b1 in the culture supernatants
was determined with Human-Mouse TGF-b1 ELISA Kit (eBiosciences).
Preparation of Cells and In Vitro Cultures
We isolated LP and PP lymphocytes as described (Kamata et al., 2000). For in
vitro IgA switching, IgA-depleted spleen cells and gut SCs were isolated as de-
scribed (Fagarasan et al., 2001). IgA-depleted spleen cells were cultured in
D-MEM medium supplemented with 10% fetal calf serum (FCS), L-glutamine,
sodium pyruvate, HEPES, and 2-mercaptoethanol, without or with 50% of
conditioned media (from a 4-day culture supernatant of gut SCs from
C57BL/6 mice), in the presence of LPS (20 mg/ml; Sigma), pan-specific TGF-b
antibodies (35 mg/ml), control IgG (35 mg/ml), TACI-Ig and BCMA-Ig (30 mg/ml),
recombinant mouse IL5 (100U/ml), human TGF-b1 (1 ng/ml), all from R&D Sys-
tem for 5 days. For in vitro SCs stimulation, SCs prepared from the small intes-
tine were cultured in D-MEM medium supplemented with 10% FCS in the
presence of LPS (20 mg/ml), anti-LTbR (2 mg/ml; eBio3C8), recombinant murine
TNF-a (50 ng/ml; R&D Systems), or rat IgG1 control antibody (2 mg/ml; eBio-
science) for 4 days. For LTi-SC cocultures, 2 3 105 sorted RORgt+LTi cells
were added to a semiconfluent SC culture.
Purification of RORgt+LTi Cells and Other Cells from Gut
Thy1.2+ cells from LP cell suspensions were positively enriched with anti-
Thy1.2-coated magnetic beads and passed over a MACS column (Miltenyi
Biotec). Then, LinRORgt-GFP+ cells (LTi cells) and CD3+RORgt-GFP+ cells
(Th17) were sorted by FACSAria (BD Biosciences). B220+CD11c cells (B
cells), CD3+ cells (T cells), CD11b+CD11c+ cells (Mf-DCs), and CD45 cells
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T Cell-Independent Generation of IgA in the Gut(SCs) were sorted from LP of C57BL/6 mice by FACSAria. For RT-PCR, LTi
cells and Mf-DCs in SC cocultures were from LP of Rag2/ mice and en-
riched with anti-Thy1.2 and anti-CD11b and anti-CD11c-coated magnetic
beads, respectively.
SUPPLEMENTAL DATA
Supplemental Data include six figures and can be found with this article online
at http://www.immunity.com/cgi/content/full/29/2/261/DC1/.
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